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Introduction
Biologists predict that the ability of species to persist under climate change depends on the interplay of two key responses: the colonization of new areas to track shifting climate and in situ adaptation to changing conditions (Jackson and Overpeck 2000) . Although study of effects of changing climate on species distributions has focused on migration and associated range shifts (Walther et al. 2002; Parmesan 2006) , herbaceous species can adapt within a timescale comparable to that of changing climate (Franks et al. 2007 ). Because future habitat fragmentation resulting from anthropogenic activities (Millennium Ecosystem Assessment 2005) will likely impede migration, adaptation may become particularly important to species persistence. Even when populations migrate to track shifting climate, local adaptation may occur in response to novel selective pressures (Davis and Shaw 2001; Ackerly 2009 ). Thus, the ability of populations to adapt to climate change should affect a species overall extinction risk and hence its likelihood of persistence, whether in situ or via range shifts (Davis and Shaw 2001) .
Populations occupying the edges of species ranges may suffer a greater risk of extinction than populations at the center (Hardie and Hutchings 2010) , warranting further investigation of their adaptive potential. Populations at the leading edge (i.e., high-latitude range limit) may benefit either from preadaptations resulting from gene flow from central populations or from the ability to track favorable climate through migration, whereas populations at the trailing edge (i.e., low-latitude range limit) may need to adapt to novel conditions to persist (Davis and Shaw 2001; Jump and Penuelas 2005) . Consequently, investigations of whether populations at the peripheries of species ranges can adapt to marginal environments are crucial to understanding how climate change will alter ranges.
Adaptation by natural selection depends on genetic variation, the raw material for evolutionary change. The magnitude of genetic variation in traits under natural selection may affect species abilities to adapt to changing climate. Populations at range margins may exhibit lower genetic variation in ecologically important traits for a number of reasons. First, edge populations are often small and/or isolated (Brown et al. 1995; Eckert et al. 2008) , thus potentially lacking genetic variation as a result of drift, founder events, genetic bottlenecks, and/or inbreeding associated with small population size. Second, strong directional selection at range edges may lead to the fixation of favored alleles, thereby exhausting genetic variation in range-limiting traits (Blows and Hoffmann 2005) . If edge populations exhibit lower genetic variation in traits under selection imposed by climate change (for the reasons described above) than populations at the center of a species range (Blows and Hoffmann 2005) , then their persistence under changing climate could be threatened.
Most studies comparing genetic variation between central and marginal populations have focused on neutral genetic variation, showing that genetic variation tends to decrease from the center to the margins of species ranges and that edge populations are often more genetically differentiated from one another than central populations Hardie and Hutchings 2010 ). Yet, differences in neutral genetic diversity between central and peripheral populations are relatively minute , and neutral genetic variation is a poor predictor of quantitative genetic variation (Reed and Frankham 2001) . Ultimately, additive genetic variance-the amount of phenotypic variation attributable to additive genetic effects-is required for evolution by natural selection (Lush 1937) . However, few studies have compared additive genetic variance in ecologically important traits between the range center and edges (but see Pujol and Pannell 2008; Kelly et al. 2012; Stock et al. 2014) .
Changes in phenology are a common response to climate change across a variety of animal and plant taxa (Bradshaw and Holzapfel 2008; Chuine 2010) . Shifts in the timing of life-history events-such as butterfly migration, egg laying and nesting in birds, and tree budburst-are already ubiquitous (Parmesan and Yohe 2003; Root et al. 2003) . Further, there is evidence that genetic changes, rather than plasticity alone, have led to some of these recent phenological shifts (Bradshaw and Holzapfel 2010) . In flowering plants, flowering time is one key aspect of phenology that influences populations' abilities to persist in the face of climatic changes (Franks and Hoffmann 2012) . Flowering time has been documented as a highly heritable trait (Franks and Weis 2008) that can rapidly respond to natural selection (Franks et al. 2007) . Climate change has already advanced flowering time in a number of plant species (Miller-Rushing and Primack 2008 ), yet it remains unclear whether populations at range margins will be able to evolve rapidly in response to selection on flowering time.
Even if marginal populations exhibit sufficient genetic variation in flowering time, climate-induced selection on flowering time could result in correlated responses in other traits, potentially leading to multivariate constraints to adaptation (Etterson and Shaw 2001; Blows and Hoffmann 2005; Walsh and Blows 2009 ). For example, traits associated with resource acquisition-such as high nutrient concentrations and cheaply made, short-lived leaves-may accompany selection for early reproduction, potentially leading to an overall shift to a fast-returns life-history strategy (Wright et al. 2004; Lambers et al. 2008; Donovan et al. 2011) . On the other hand, selection for delayed onset of reproduction could lead to correlated responses in traits that promote resource conservation, including long-lived, expensive leaves with low nutrient content, moving populations toward a slow-returns life-history strategy. Thus, depending on where the fitness optimum of a population lies along this spectrum of tradeoffs between resource conservation and resource allocation, selection for early or late flowering could shift a population toward or away from that optimum, thereby facilitating or constraining response to selection.
In this study, we used artificial selection-a statistically powerful approach to quantify adaptive potential (Conner 2003) , defined as a population's ability to evolve in response to a novel environment (Willi et al. 2006 )-for six populations across the geographic range of the widely distributed perennial herb Mimulus cardinalis (Phrymaceae). Specifically, we tested whether populations from the northern (leading) and southern (trailing) range edges had lower genetic variation in flowering time than populations from the range center and whether selection for early versus late flowering resulted in correlated responses in functional traits associated with contrasting life-history strategies.
Methods

Study System and Sampling
To determine whether insufficient genetic variation in flowering time may constrain adaptation to changing climate in marginal populations, we compared populations at the center and latitudinal edges of the range of the scarlet monkeyflower Mimulus cardinalis (recently renamed Erythranthe cardinalis; Nesom 2014). A perennial herb with red flowers characteristic of hummingbird pollination, M. cardinalis typically flowers from May through September (Thompson 2014) and is broadly distributed along seeps and streamsides from sea level to 2,400 m from southern Oregon to northern Baja California and from the Pacific coast east to the Sierra Nevadas ( fig. 1A ; Hickman 1993) . Mimulus cardinalis is an appropriate system for testing hypotheses about variation among central and marginal populations because it is the subject of several past and ongoing studies of ecological and evolutionary determinants of range limits (Angert and Schemske 2005; Angert 2006a Angert , 2006b Angert , 2009 Angert et al. 2008) , providing key baseline information about potential traits under natural selection. In Fall 2010, we collected seeds from 80-200 individuals in each of two northern edge (N1 and N2), two southern edge (S1 and S2), and two latitudinally central populations (C1 and C2) across the geographic range of M. cardinalis (table 1; fig. 1A ). Differences in sample size among populations (table 2) reflect natural variation in the sizes of these populations. Study populations did not occur at altitudinal range limits, but populations within and among regions spanned a broad Hiesey et al. 1971) with populations sampled at the northern range edge (N1 and N2), range center (C1 and C2), and southern range edge (S1 and S2). B, Diagram of experimental design of artificial selection program for each population (N1, N2, C1, C2, S1, and S2). Within each population, seeds collected from individuals in the field were first randomly crossed for one generation in the greenhouse to reduce maternal effects. The resulting seeds were planted to produce the base parental population within each of the six study populations. Subsequently, two generations of selection on early flowering and late flowering were performed, and an unselected control line was also maintained during this time. In each generation of selection, eight individuals (indiv) per full-sibling family (fam) were planted to maintain similar sample sizes across generations. For further details, see "Methods." range of environmental conditions (table 1) . Herbarium specimens from northern Baja California are of questionable identity and are morphologically more similar to Mimulus verbenaceus (S. N. Sheth, personal observation), so populations sampled near the southern range margin represent the southernmost populations that can be definitively identified as M. cardinalis.
Artificial Selection Experiments
We used artificial selection to quantify genetic variation in flowering time, a trait that likely influences fitness under a wide variety of temperature and precipitation regimes associated with different latitudinal range positions and climate change scenarios (table 1; fig. 1A ) and that can be measured in a nondestructive manner. Unlike traditional breeding designs, artificial selection provides a direct measure of how rapidly a trait can evolve in response to a given strength of selection (Conner 2003) . We carried out artificial selection experiments on flowering time, measured as the number of days from germination to first flower, to quantify response to selection (R) as a direct measure of a population's adaptive potential. R is proportional to additive genetic variance, defined as the amount of phenotypic variance that is due to additive genetic causes, based on the breeder's equation (Conner 2003) .
In December 2010, we planted field-collected seeds from each population in the Colorado State University Greenhouse ( fig. 1B) . In spring 2011, we randomly paired and crossed individuals within each population to produce outcrossed seeds, resulting in 40-101 full-sibling families per population ( fig. 1B) . In January 2012, we filled 3-in pots with Farfard 4P Mix potting soil with a thin layer of Farfard Superfine Germinating mix on top (Conrad Farfard, Agawam, MA), and we planted three seeds per family per pot. Each pot was misted daily until seedlings became established. During this time, we scored germination time for each seedling daily. Three weeks after planting, we thinned each pot down to one randomly chosen seedling, keeping track of that seedling's exact germination date. Thus, we measured flowering time on one individual from each full-sibling family in each population. To create selection lines for flowering time, we randomly chose 25% of the individuals from each population for an unselected control line, and we selected individuals that fell into the earliest 25% of flowering time for an early flowering selection line and individuals that fell in the latest 25% of flowering time for a late flowering selection line ( fig. 1B ). Within each of the 18 resulting lines (one early flowering, one control, and one late flowering line for each of six populations), we maintained a population size of 40-104 individuals (1,368 individuals planted across all populations in each generation), preventing crosses between plants from the same full-sib family. For each randomly paired set of individuals in a given cross, each parent served as a pollen donor and a pollen recipient once.
To maintain equal population sizes from one generation to the next, we planted four replicates of each cross type, resulting in eight replicates per full-sibling family. We repeated this selection process for two generations (JanuaryMay in 2013 and 2014; fig. 1B ). In the first generation after selection (2013), 16 of the 1,368 pots into which we planted did not yield plants that survived to flowering, and in the second generation after selection (2014), 21 pots did not have plants that survived to flowering.
To minimize positional effects in the greenhouse, pots were arranged randomly among trays (16 pots tray 21 ). Ran- , frost-free period . With the exception of FFP , climatic variables were extracted as averages across 1981-2010 from the desktop version (5.21) of climateWNA (Wang et al. 2012 ). The N1, N2, and S2 sites are located on lands managed by the Bureau of Land Management, the C1 and C2 sites are in Yosemite National Park, and the S1 site is in Cuyamaca Rancho State Park.
domization was performed within each selection line and population to prevent competition among plants that drastically differed in size. Trays were then randomized on the greenhouse benches and rotated weekly. Rather than replicating upper and lower selection lines for each population, which was logistically infeasible if also replicating for the main effect of interest (region), the units of replication were populations within regions. All generations were grown in the Colorado State University Greenhouse with a 16L∶8D photoperiod, with day temperature programmed to ∼257C and night temperature at ∼207C.
Comparing Responses to Selection among Central and Marginal Populations
To test whether response to selection for early or late flowering was lower at the northern and southern range edges than at the range center, we used a linear mixed model with restricted maximum likelihood estimation in the lme4 (Bates et al. 2014 ) and lmerTest (Kuznetsova et al. 2015) packages in R 3.2.0 (R Core Team 2015). Region, selection line, and their interaction were included as fixed effects in the model, and population and family were included as random effects. A significant region # selection line interaction would indicate that response to selection varied among regions. We used type III tests to assess the significance of fixed effects and the Satterthwaite approximation for denominator degrees of freedom. We estimated R for each region as the least squares mean difference in flowering time between the early or late flowering line and the control line in the final generation (2014) to account for changes in phenotype caused by environmental variation among generations ( fig. 2 ; Falconer and Mackay 1996). We also tested for responses to selection within each population independently and measured the selection differential (S), the difference between mean flowering time of the entire population and mean of the subset selected for breeding within each generation (Conner 2003 ; appendix, available online).
Correlated Responses to Selection on Flowering Time
To determine whether there were correlated responses to selection, suggesting potential multivariate constraints on adaptation to climate change, we also measured four additional ecologically relevant traits on individuals from the final generations of artificial selection (for methods, see appendix). These four traits can be easily and nondestructively measured on a large number of individuals and could potentially show correlated responses to selection on flowering time. First, specific leaf area (SLA), the ratio of leaf area to dry leaf mass, affects leaf longevity, herbivory, nutrient retention, and vulnerability to desiccation (Lambers et al. 2008) . Second, leaf nitrogen content (% N) is associated with photosynthetic rates and nutrient levels (Lambers et al. 2008) . Third, relative growth rate (RGR) may be important for adaptation to temperatures experienced at the northern and southern range margins, supported by the presence of a latitudinal cline in RGR (Angert et al. 2011; Paul et al. 2011 ) and an effect of temperature on growth in stem length in M. cardinalis (Angert 2006a) . Selection for early flowering could result in increases in SLA, % N, and RGR, consistent with a fast-returns life-history strategy, whereas selection for late flowering could lead to decreases in these traits, consistent with a slow-returns strategy (Wright et al. 2004; Lambers et al. 2008; Donovan et al. 2011) . Fourth, water use efficiency, defined as the ratio between the carbon intake from photosynthesis and water lost through transpiration, may enhance the survival and reproduction of plants under different temperature and precipitation regimes that correlate with latitude (Farquhar et al. 1989; Agrawal et al. 2008) . The ratio of stable carbon isotopes present in dried leaf tissue (d 13 C) is a common measure of time-integrated in- Kooyers 2015) . To test whether the magnitude of correlated responses to selection varies among regions for each focal trait and whether selection for early or late flowering yielded correlated responses, we used linear mixed models analogous to the analysis described above for flowering time. We also tested for correlated responses to selection within each population independently for each trait (appendix).
Accounting for Bias in Population Size
Because populations varied in size in the parental and subsequent generations, estimates of response to selection may appear to be lower in northern populations because of an artifact of having smaller sample sizes than central and southern populations (table 2) . To account for this potential artifact, we randomly selected 40 (out of 96) individuals from the parental generation of the C1 population. From this random subset of individuals, we repeated the same selection procedure described above by creating an early flowering, control, and late flowering line and then compared the estimated response to selection from the subset of individuals with that based on all individuals to assess the potential effects of sample size on estimates of response to selection. We performed this procedure only for the C1 population because it exhibited a greater difference in sample size when compared with northern populations than the C2 population (table 2) . This procedure allowed us to assess whether lower response in northern versus central populations could be due to sample size alone rather than to a biologically meaningful process that could decrease standing genetic variation at the northern range edge. Data used in all analyses are deposited in the Dryad Digital Repository: http://dx.doi.org/10.5061/dryad.tc967 (Sheth and Angert 2015) .
Results
In the parental generation, flowering time decreased with latitude (H p 189.5, df p 5, P ! .001), with the northernmost population flowering on average 16 days earlier than the southernmost population ( fig. 2) fig. 3A) , indicating variation in the magnitude of response to selection among the northern edge, center, and southern edge of the species range. Response to selection for early or late flowering did not differ among northern and central populations ( fig. 3A) , failing to support the prediction that northern populations have lower responses to selection than central ones. Also contrary to the prediction that response to selection is lower at the southern edge than at the range center, populations at the southern edge had a greater response to selection for early and late flowering than central and northern populations ( fig. 3A) . The magnitude of response to selection for early flowering in southern populations was ∼5 days greater than that of central and northern populations, and the response to selection for late flowering in southern populations was ∼8 days greater than that of central populations and ∼9 days greater than that of northern populations ( fig. 3A) . Within-population tests of response to selection were consistent with the results described here (table 2; fig. A1 ; figs. A1-A6 available online).
Correlated Responses to Selection on Flowering Time
The extent to which selection on flowering time yielded correlated responses in other traits varied among populations and traits (figs. A2-A5; , SE p 0.832; % N: mean p 2.208%, SE p 0.084; fig. 3B-3E ). Region had a statistically significant effect on SLA (F 2, 163.60 p 7.648, P ! .001) and d 13 C (F 2, 3.111 p 12.780, P p .032) but not on % N (F 2, 3.227 p 1.224, P p .402) or RGR (F 2, 3.206 p 2.140, P p .257; fig. 3B-3E 
Accounting for Bias in Population Size
Similar to the full C1 population (table 2) , there was a marginally significant effect of selection line on flowering time (F 2, 12 p 3.679, P p .057) in the population consisting of selection lines built from 40 randomly sampled individuals of the C1 population. Raw mean flowering time in this subset of individuals was similar to that of the full C1 population in the parental generation ( fig. A6A vs. fig. 2C, respectively) . Mirroring results from the full C1 population, individuals from the early flowering line flowered earlier than plants from the control and late flowering lines (P p .04), and there were no differences in flowering time between late flowering and control lines (P p .98; fig. A6B ). The magnitude of response to selection on early flowering was greater in the population created from a random subset of C1 individuals, whereas the magnitude of response to selection on late flowering was slightly greater in the full C1 population ( fig. A6B vs. fig. A1C , respectively), suggesting that smaller sample size alone did not predictably result in a lower magnitude of response to selection.
Discussion
Populations at species range margins may lack sufficient genetic variation to respond to natural selection, constraining their abilities to adapt to environmental changes. We found strong variation in response to selection among northern edge, central, and southern edge populations of Mimulus cardinalis, with southern populations exhibiting a greater response to selection than northern and central populations, contrary to prediction. After just two generations of artificial selection, the magnitude of response to selection on flowering time in southern populations was three times greater than that of central populations and four to seven times greater than that of northern populations. We documented correlated responses in functional traits consistent with predictions based on the leaf economics spectrum (Donovan et al. 2011) , with selection for early flowering leading to shifts in trait values associated with resource acquisition (high SLA and % N) and selection for late flowering resulting in trait values associated with resource conservation (low SLA and % N). We interpret these results in light of previous tests of the hypothesis that edge populations exhibit lower quantitative genetic variation than central ones and consider alternative mechanisms that may drive geographic variation in response to selection on flowering time. We conclude by discussing the implications of our findings in the context of understanding how populations across a species range may respond to changing climate.
Alternative Mechanisms That May Explain Observed Patterns
Previous tests yield equivocal support for the hypothesis that edge populations exhibit lower genetic variation in ecologically important traits than central ones (Blows and Hoffmann 1993; Jenkins and Hoffmann 2000; Etterson 2004; Pujol and Pannell 2008; Kelly et al. 2012; Gould et al. 2014; Volis et al. 2014) . Our results, combined with those from previous studies, suggest that perhaps the assumptions of range-limiting hypotheses are too simplistic and may not always hold in natural populations. In particular, populations from different edges of a species range may vary in many ways, including demographic and selection history, which together complicate simple expectations about edge populations in general.
A number of alternative processes may have led to the unexpected pattern of low-latitude populations exhibiting greater quantitative genetic variation than latitudinally central and high-latitude populations. For example, historically stable conditions (e.g., low latitudes) may have preserved adaptive genetic variation in glacial refugia, whereas advancing ice sheets may have depleted such variation in contracting populations (e.g., high latitudes) during past climatic fluctuations (Hamrick 2004; Hewitt 2004) . In M. cardinalis, northern populations may have undergone several recent founder events during postglacial expansion, failing to reach migration-selection equilibrium, whereas the southern range edge may represent a historically stable refuge that was buffered from extinctions during past climatic changes. Consistent with this idea, M. cardinalis exhibits low occupancy of suitable habitat at the northern but not the southern edge (A. L. Angert and M. Bayly, unpublished data) , and populations at the southern edge harbor high levels of unique neutral genetic diversity (J. R. Paul, T. L. Parchman, B. Econopouly, C. A. Buerkle, and A. L. Angert, unpublished data).
Although variation in sample size did not drive variation in the magnitude of response to selection among populations, population size in the natural populations from which seed was sampled could explain some variation in estimates of response to selection among populations. The size of our study populations increased from north to south (S. N. Sheth and A. L. Angert, personal observation), potentially explaining the greater responses to selection in southern populations. To achieve adequate sample sizes for the artificial selection experiments, we were constrained to collect from localities with a large number of individuals and thus did not include the smallest populations at the northern and southern edges, which should have had the lowest responses to selection. The influence of the sizes of natural populations, however, is a biological effect rather than an artifactual one, because one of the main mechanisms by which edge populations should exhibit lower additive genetic variance and hence lower responses to selection is by having smaller population sizes than populations at the range center (Hoffmann and Blows 1994) .
Latitudinal variation in response to selection on flowering time may be explained by variation in the strength and form of natural selection across the species range. Studies have documented strong directional selection on flowering time at high latitudes (Munguía-Rosas et al. 2011), favoring early flowering to ensure that plants mature fruits before the growing season ends and potentially depleting genetic variation in flowering time. At low latitudes where the growing season is longer (Montague et al. 2008 ; table 1), flowering time may be under weaker selection, thereby maintaining additive genetic variance (Munguía-Rosas et al. 2011) . Divergent selection on flowering time in contrasting environments has facilitated local adaptation within other species in the Mimulus genus (Hall et al. 2006; Lowry et al. 2008; Ivey and Carr 2012) . Thus, quantifying the strength and form of selection on flowering time across the range of M. cardinalis would help to further explain the spatial variation in responses to selection observed here.
Even though southern populations exhibited ample genetic variation in flowering time, they may lack necessary variation in multiple traits to effectively respond to natural selection (Walsh and Blows 2009) . Trade-offs between flowering time and other traits may constrain adaptation, for example, if selection favors high values of negatively correlated traits (Etterson and Shaw 2001) . If genetic correlations that are antagonistic to the direction of selection are present in marginal populations, then they may contribute to stable range limits (Blows and Hoffmann 2005) . In our study, correlated responses in SLA were particularly high in northern and southern populations when compared with central populations, indicating a potential for multivariate constraints to adaptation at the range edges ( fig. 3B ). Further, plants selected for early flowering exhibited increased SLA and leaf nitrogen content relative to plants selected for late flowering ( fig. 3B, 3C ). These trait shifts are consistent with a rapid-growth life-history strategy and thus a potential tradeoff that could constrain adaptation at range boundaries. For example, if climate change favors early flowering, but other selective forces (e.g., a stressful environment with low resources and/or high herbivore density) favor thick leaves with low nutrient content (considered less appealing to herbivores), then response to selection may be constrained, despite high levels of genetic variation in flowering time.
Implications for Understanding Population
Responses to Climate Change
Quantifying genetic variation in traits that are likely targets of selection during climatic changes has several important implications for understanding population-and specieslevel responses to climatic change (Shaw and Etterson 2012) . Climate change is imposing increasingly strong directional selection for early flowering in many species (Miller-Rushing and Primack 2008) , such that populations with insufficient genetic variation to respond to selection on flowering may lie far from their fitness optima and thus be vulnerable to extinction (Anderson et al. 2012) . Moreover, such effects may be compounded if strong directional selection depletes standing additive genetic variance in flowering time (Anderson et al. 2012) . Ultimately, population responses will depend on whether rates of adaptive evolution exceed rates of climate change. In western North America, climatic conditions have become drier and warmer over the past several decades, and the number of frost days has declined, advancing the onset of the growing season (Parmesan 2007; Booth et al. 2012) and flowering time in a number of plant species (Parmesan and Yohe 2003; Anderson et al. 2012; CaraDonna et al. 2014) . At the sites where our study populations are located, the frost-free period has increased 20-58 days in the past century (Wang et al. 2012 ; table 1). Our study suggests that low-latitude, trailing edge populations have ample genetic variation to rapidly respond to natural selection on flowering time, indicated by a response to selection of ∼7 and ∼11 days on early and late flowering, respectively, after only two generations of selection ( fig. 3A) . In contrast, highlatitude populations at the leading edge and latitudinally central populations may be unable to adapt quickly enough to keep up with climate change. Thus, in the presence of strong selection for early flowering, the southern populations in our study may be able to adapt to changing conditions in situ, while individuals from the northern and central populations will likely have to migrate northward to track climatically favorable conditions. Given the high genetic variation in flowering time observed in the southern edge populations in our study, we argue that not all geographically peripheral populations are particularly vulnerable to climate changes. Instead, in our study, northern populations merit conservation attention because of their lack of quantitative genetic variation, whereas southern populations warrant consideration because they represent a source of adaptive potential (Vucetich and Waite 2003) .
